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INTRODUCTION 


The  hydrology  of  the  development  of  rates  and  amounts  of  surface  run- 
off on  a  watershed  must  be  approached  fundamentally.     Subsequently,   it  may 
be  possible  to  simplify  methods  of  working  out  the  hydrology  of  a  water- 
shed consistent  with  the  degree  of  accuracy  required  by  some  objectives. 
Such  simplification  may  best  come  from  an  understanding  of  the  principles 
involved  and  the  hydrologio  laws  operating  on  a  watershed.     These  laws  are 
based  largely  on: 

(1)  The  precipitation  pattern,   that   is,   the  intensities  or  rates 
of  ground   rainfall   and  the  sequence  of  their  occurrence; 

(2)  The  infiltration  rate  curve  for  a  specific   land  use  on  a 
particular  soil   at  a  definite  so i  I -mo i stu re  content;  and 

(3)  The  depth  and  movement  of  detention  storage  (overland  flow). 

Information  pertaining  to  factors  (1)  and  (2)  may  be  obtained  in  any 
locality  based  on  the  storms  and  hydrologic  characteristics  of  the  soil 
types.     The  development  of  detention  storage  depends  upon  these  factors. 


Grateful   acknowledgment   is  made  to  L.  L.  Harrold   for  a  review  of  the  paper,  to 
Dan  E.  Hall  for  assistance  in  computations,   and  to  Mrs.   Mary  A.  Williams  and  Mrs.  Mary 
K.  Royer  for  the  tabulation  and  plotting  of  data. 
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The  movement  of  detention  storage  is  the  rate  of  surface  runoff  on  a  wa- 
tershed.    Its  depth  at  any  time  for  a  given  rate  of  surface  flow  at  some 
measuring  point  is  dependent  upon  the  physiography  and  land  use.  This 
relationship  can  be  developed  for  a  watershed  in  any  locality.     The  maxi- 
mum rate  of  surface  runoff  for  a  storm  usually  occurs  when  every  part  of 
the  watershed  has  maximum  detention  storage  and  is  contributing  to  the 
flow  at  the  measuring  point  simultaneously.     The  time  required  for  this 
to  occur  has  been  called  the  ''time  of  concentration. ' '     The  maximum 
''excess  rainfall,''  that  is,  differences  between  rainfall  intensities 
and  corresponding  infiltration  rates,   lasting  for  a  time  equal  to  the 
time  of  concentration  usually  will  produce  this  maximum  rate  of  surface 
runoff.     There  are  cases  when  the  intensity  of  rainfall  is  so  great  for 
a  period  of  time  less  than  the  time  of  concentration  as  to  produce  the 
maximum  rate  of  surface  runoff  for  a  specific  watershed.     Methods  of  de- 
termining rates  of  surface  runoff  must  be  of  such  a  type  as  to  include 
such  cases. 

In  this  paper  a  comparison  is  made  between  computed  and  measured 
rates  and  amounts  of  surface  runoff  from  single  and  mixed  cover  water- 
sheds up  to  75.6  acres.     It  also  includes  the  computation  of  rates  and 
amounts  of  surface  runoff  for  a  given  precipitation  pattern  on  a  water- 
shed with  soil  at  different  antecedent  or  initial  soil-moisture  contents. 
It  further  includes  computation  of  rates  and  amounts  of  surface  runoff 
for  different  precipitation  patterns  on  a  watershed  with  soil  at  the  same 
initial  soil-moisture  content.     The  effect  of  changes  in  land  use  also  is 
computed. 

PURPOSE  AND  OBJECTIVES  OF  THE  STUDY 

The  purpose  of  this  study  was  to  develop  methods  of  determining 
rates,   the  hydrograph,  and  amounts  of  surface  runoff  from  a  watershed 
using  the  major  factors  involved;  namely,   the  precipitation  pattern,  in- 
filtration rates,  detention  storage-rate  of  surface  runoff  relationships, 
and  timing  for  that  watershed.     The  method  thus  developed  was  to  be  such 
that  the  effect  of  changes  in  land  use  upon  rates  and  amounts  of  surface 
runoff  could  be  determined. 

PROCEDURE 

Terms  and  symbols  used  are  listed  below: 

Precipi tat  ion- -as  measured,  corrected  for  interception  storage  by  plants 
if  such  interception  is  appreciable  and  if  warranted  by  the  accuracy 
required  by  the  objective. 
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/'--accumulated  precipitation,  inches. 


i--rate  or  intensity  of  precipitation,    inches  per  hour. 


Infiltration- • The  passage  of  water  through  the  surface  of  the  soil  into 
the  soil  mass. 


/--Infiltration  rate,    inches  per  hour. 

fQ- - 1 nf i 1 1 rat i on  capacity;  that   is,  the  rate  at  which  infil- 
tration would  take  place  at  any  instant  were  the  supply 
to  equal  or  exceed  this  capacity,    inches  per  hour. 

fp- - Potent i a  I    infiltration  rate;   that  is,  the  rate  at  which 
infiltration  would  take  place  at  a  given  so i I -mo i stu re 
content,  at  any   instant,  were  the  supply  to  equal   or  ex- 
ceed this  potential    rate,    inches  per  hour.  INFILTRATION 
POTENTIAL,      fp,      IS  ONLY  USED  WHEN  RATES  OF  RAINFALL  ARE 
LESS  THAN    INFILTRATION  CAPACITY,  fc. 

Excess  rainfall- -The  amount  of  rain  in  excess  of  infiltration,  inches. 
This  is  the  computed  supply  going  to  detention  storage  and  surface 
runoff. 


ZE- -Accumu  I  ated  excess  rainfall,  inches. 


E- 

-  1 nc  rement 

T2  -  T2, 

Q  se- 

-Computed 

ct  so' 

-Computed 

Qsw- 

-Measu  red 

<7Sm" 

-Measu  red 

Detention  storage- -The  average  depth  of  water  on  the  watershed  at  any 

specific  time,   inches.     It  is  the  water  which  subsequently  makes  up 
the  overland  flow  and  the  rate  of  surface  runoff  at  a  point.  Over 
a  period  of  time  it  represents  accumulated  surface  runoff. 


Z)s--Average  depth  of  detention  storage  at  a  specific  time, 
i  nches . 
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Steps  involved  in  the  procedure  are  illustrated  below  by  computing 
rates  and  amounts  of  surface  runoff  for  the  storm  of  June  16,  1946,  oc- 
curring on  Watershed  103,  corn  on  Keene  silt  loam,  and  checking  them  a- 
gainst  measured  rates  and  amounts. 


1.     An  infiltration  curve  was  selected  for  the  cover  and  soil  and 
for  the  approximate  antecedent  or  initial  soil-moisture  con- 
tent of  the  topsoil,  0.32  inch  of  water  per  inch  of  soil.  In- 
filtration curves  for  various  covers,   soil  types,   and  different 
soil-moisture  contents,  have  been  developed  by  hydrograph  anal- 
ysis of  single  cover  watersheds  at  Coshocton  (5).  (Informa- 
tion on  infiltration  has  been  developed  in  various  localities 
by  inf iltrometer  runs  and  permeability  tests  of  cores.  Infor- 
mation on  permeability  of  cores  may  be  converted  into  infiltra- 
tion curves  (6 ) . 


After  rain  has  started,   soil  moisture  will  increase  and 
the  potential  infiltration  rate  will  drop.     As  this  continues 
excess  rainfall  will  begin  at  the  time  when  the  rate  of  rain- 
fall exceeds  the  potential  infiltration  rate.     It  is  necessary 
to  find  this  time  to  locate  on  the  rainfall-intensity  bargraph 
the  beginning  of  the  infiltration  curve  for  a  given  soil-mois- 
ture content.     This  point,  where  the     /c-curve    intersects  the 
intensity  bargraph,   is  shown  at  9:06  p.  m.  on     figure  1,  page 
5.     This  point  was  obtained  as  follows.     The  total  amount  of 
rainfall  up  to  9:06  p.  m.  was  0.52  inch.     This  amount  when  di- 
vided by  7  inches,   the  depth  of  topsoil,   is  equal  to  approxi- 
mately 0.07  inch  of  moisture  gain  per  inch  of  soil.     This  a- 
mount  when  added  to  the  initial  soil-moisture  content  of  0.32 
is  0.39.     The  capacity  infiltration  curve  for  this  value  is 
taken  from  the  publication  cited  as  reference  (5).     This  curve 
begins  with  a  value  of  approximately  2.28  inches  per  hour, 
which  is  equal  to  the  rate  of  rainfall.     The  curves  shown  in 
the  reference  are  for  0.10,  0.20,  0.30,  0.40,  and  0.45  inch  of 
moisture  per  inch  of  soil  and  the  curve  for  0.39  is  obtained  by 
interpolation  between  the  0.30-  and  0.40-curve.     In  other  words, 
a  selected  amount  of  rainfall  is  divided  by  7  (inches  of  top- 
soil).     This  selected  amount  is  obtained  by  a  simple  trial  and 
error  procedure.     It  is  tested  by  adding  it  to  the  initial  soil- 
moisture  content  until  the  total  soil-moisture  content  will  sup- 
port an  infiltration  rate  just  equal  to  or  less  than  the  rate 


Italic  numbers  in  parentheses  refer  to  Literature  Cited. 


FIGURE  1. --Storm  of  June  16,    1946,   on  watershed  103.  Keene  Silt  Loam.     Computed  and 
measured  rates  and  amounts  of  surface  runoff   from  corn.     Initial  soi I -moi sture  con- 
tent 0.32  inch  of  water  per   inch  of  soil. 
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of  rainfall.     The  curves  in  the  reference  are  infiltration-ca- 
pacity curves.     In  the  case  of  the  storm  of  June  16,   1946,  on 
Watershed  103,   the  curves  in  the  reference  cited  may  be  used 
directly  as  it  is  evident  that  the  intensities  of  rainfall  will 
support  a  capacity  curve. 

The  division  of  a  selected  amount  of  rainfall  by  the  depth 
of  topsoil,   7  inches,   is  based  on  the  hydrologic  characteris- 
tics of  the  soil.     In  both  the  well-drained  Muskingum  silt  loam 
and  the  slowly  permeable  Keene  silt  loam,   there  is  a  rapid  move- 
ment of  water  downward  in  the  topsoil.     That  is,  transmission 
rates  are  high  in  the  topsoil  of  both  soils  and  there  is  a  rapid 
distribution  of  the  water  entering  the  topsoil.     The  initial  in- 
filtration rates  are  similar  for  these  two  soils.     However,  as 
water  moves  below  the  topsoil  into  the  subsoil  of  either  soil 
type  the  transmission  rates  are  noticeably  less.     Those  in  the 
Keene  silt  loam  subsoil  are  less  than  in  the  Muskingum  silt  loam, 
resulting  in  lower  infiltration  rates  in  the  former.  Further 
discussion  on  this  subject  may  be  found  in  another  publication  (3). 

?.     The  infiltration  curve,     fQ,     obtained  in  the  step  above,   is  su- 
perimposed over  the  precipitation  pattern  under  consideration, 
figure  1,  page  5.     This  precipitation  pattern  is  the  sequence  of 
rates  of  rainfall  occurring  during  the  storm  of  June  16,  1946. 

3.  The  excess  rainfall,     E,     is  obtained  for  any  time  period  from 
the    2E-curve    on     figure  1.     The    2£-curve  was  obtained  by  ac- 
cumulating the  rainfall  coming  at  rates  in  excess  of  infiltra- 
tion rates.     For  example,   for  the  period  between  9:06  and  9:23 
p.  m. :     IE  =  (2.28  -  2.05)8/60  +  (3.90  -  1.58)4/60  +  (5.80  - 
1.40)3/60  =  0.401  inch.     At  any  time,     IE    is  equal  to  the  de- 
tention storage  and  the  accumulated  surface  runoff.     It  will 
generally  be  found  satisfactory  to  subtract  the     fc    value  at 
the  middle  of  a  period  from  the  rainfall  rate  for  that  period  to 
obtain  the  excess  for  the  period. 

4.  Increments  of  excess  rainfall  are  converted  into  the  depth  of  de- 
tention storage  and  rate  of  surface  runoff.     For  any  time  inter- 
val,  say  from    Tj     to    T2 »     when  the  rainfall  rate  exceeds  the 
infiltration  rate,  excess  rainfall,     E,     is  as  follows: 
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E  = 


Trf[ 

_60  _ 

@sc-2"@sc-l 


+ 


^s-2-Ds-l 


or,  practically 


£  = 


(fl+f2) 


1  - 


60 


^sc-1  +  <*sc-2 

_         2  _ 

_60  _ 

V2-V1 


in  which  the  subscripts  1  and  2  represent  the  values  of  the  sym- 
bols used  at  the  beginning  and  end  of  the  time  interval,  Tj  to 
T2>  respectively. 

At  the  beginning  and  end  of  surface  runoff,     Dg    is  zero 
and  the  total  excess  rainfall  is  equal  to  the  total  surface  run- 
off.    However,  during  the  period  of  surface  runoff  the  rate  of 
surface  runoff  varies  with  the  depth  of  detention  storage.  The 
increments  of  excess  rainfall  go  to  the  increase  or  decrease  of 
detention  storage  and  corresponding  increase  or  decrease  of  the 
rate  of  surface  runoff.     When  the  rain  ends,  a  diminishing  de- 
tention storage  supplies  a  diminishing  rate  of  surface  runoff. 
When    0s-2    *s  approximately  equal  to    0S.J      Qsc~2    anc^  Qsc-1 
are  approximately  equal,   and  the  rate  of  surface  runoff  is  sim- 
ply the  slope  of  the    2£-curve    over  an  appropriate  period  of 
time.     Such  conditions  may  prevail  for  the  larger  watersheds 
rather  than  for  the  smaller  watersheds.     For  larger  watersheds 
changes  in    <7SC_2    an<^    &s-2    are  much  more  gradual. 


To  obtain  the  maximum  rate  of  surface  runoff,  Holtan  and 
Kirkpatrick  (1)  have  used  excess  rainfall,     E,     in  the  equation: 


E  = 


^sc-2 

TrTi 

_2 

_60  _ 

+  Ds-2 


where    Qsc-1     is  zero  at  the  beginning  of  the  period.  Detention 
storage    #s.j    corresponds  to    Qsc-1    an^  is  consequently  zero  at 
the  beginning  of  the  period.     Such  an  equation  is  limited  to  the 
case  when  the  rate  of  surface  runoff  and  detention  storage 
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are  zero  at  the  beginning  of  a  selected  amount  of  excess  rain- 
fall. 


The  equation, 


E  = 


^sc-l 

+ 

9sc-2 

2 

60 


+ 


Ds-rDs-i 


is  a  general  equation.     Starting  at  the  beginning  of  excess  rain- 
fall it  is  a  simple  matter  to  balance  this     ' 4 excess-detention- 
rate'*  bookkeeping  equation  for  a  given  or  anticipated  storm. 
The  time  period,     ?2  ~  ^1'     selected  is  the  approximate  time  of 
concentration  of  the  watershed  in  question,   this  may  vary  some- 
what, with  little  effect  on  the  results.     Methods  of  estimating 
the  time  of  concentration  are  well  established  in  the  literature. 
It  is  convenient  to  prepare  the  excess  rainfall  in  advance  for 
each  time  period  and  have  one  of  the  time  periods  end  at  the 
same  time  as  the  end  of  the  high  intensity  likely  to  cause  the 
maximum  rate  of  surface  runoff.     For  example,   the  time  of  con- 
centration is  approximately  3  minutes  for  Watershed  103  and  the 
intensity  period  likely  to  cause  the  maximum  rate  of  surface 
runoff  ends  at  9:32  p.  m.     (fig.  1,  page  5).     Time  intervals  se- 
lected for  cornland  Watershed  123  are  illustrated  in     table  1, 
page  9.     Table  1    was  prepared  as  a  convenient  form  to  balance 
the  bookkeeping  equation.     It  is  to  be  noted  that  one  of  the  time 
periods  ends  at  9:32  p.  m.     The  initial  period,   9:06  to  9:14,  may 
be  taken  over  a  longer  period  since  excess  rainfall,     E,     is  small. 

At  the  beginning  of  excess  rainfall    Qsc-1  ~  0    anc*    ^s-1  ~  ®< 
To  balance  the  bookeeping  equation    Qgc-2    *s  assumed  and  the  re- 
lated   &s.2    selected    (fig.  2,  page  10).     The  detention  storage- 
rate  of  surface  runoff  relationships  reflect  the  effect  of  the 
physical  characteristics  of  a  watershed.     This  relationship  for 
Watershed  103,  along  with  that  for  Watersheds  123  and  177,  is 
shown  in     figure  2.     The  detention  storage-rate  of  surface  run- 
off relationship  of  a  watershed  is  represented  by  two  curves,  one 
for  the  rising  side  and  one  for  the  falling  side  of  the  hydro- 
graph.     Detention  storage  is  greater  for  the  rising  side  for  a 
given  rate  of  surface  runoff.     Two  curves  are  shown  for  the  fall- 
ing sides  of  the  relationships  for  watersheds  103  and  177.  The 
upper  curve  is  used  for  storms  having  the  higher  rate  of  surface 
runoff.     Such  relationships  for  a  watershed  may  be  established 
through  hydrograph  analysis.     This  would  require  data  for  a  storm 
on  such  a  watershed  producing  fairly  high  rates  of  surface  runoff. 
It  would  also  be  possible  to  estimate  such  relationships  from  a 
reasonably  similar  watershed  from  which  hydrologic  data  were  avail- 
able. 


TABLE  1* --Balancing  E  = 


^sc-l 

+ 

2 

VT1 


60 

Watershed  103 


Ds-2-Ds-l 


for  storm  of  June  16,  1946,  on 


1  I  m6 
period 

Ba 1 anced 

Assumed 

Re  I ated 

Ba 1 anced 

E  from 

s  "■—  lulvc 

Com— 

Pi  1  1  +  O  ri  H 

T  -T 

2  1 

?sc-i 

DS-1 

SC  —  2 

S—2 

Qsc-2 

DS-2 

Min. 

In./  hr. 

Inches 

In.!  hr. 

Inches 
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Inches 

Inches 

9 : 06 

o 

0 

0 

0 
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FIGURE  2. --Detention  storage-rate  of  surface  runoff  relations  for  watersheds 

103,   123,  and  177. 
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The  following  illustrates  the  balancing  of  the  equation: 
Time  period  9:06  to  9:14 


E  =  0.030  = 


^sc-l  + 

T2  -  TX 

2 

60  _ 

0         +  <7sc-2 

8 

  2  _ 

60 

Qsc-2  ~  0,09    anfl  then 
detention  storage- rates 

in     figure  2,  page  10. 

+ 


^s-2  '  Ds-\ 


Ds_2  -  0 


E  =  0.030 


0  +  0.09 


8 

 +  (0.0252  -  0) 


-    2     _J  60 

E  =  0.030  =  0.0060  +  0.0252  =  0.0312  (High) 
Assume    qsc.2  =  0-08    then    Ds„2  =  0.0232 
E  =  0.030  =  0.0053  +  0.0232  =  0.0285  (Low) 
Assume    <7SC_2  =  0.085    then    Ds_2  =  0.0242 
E  =  0.030  =  0.0057  +  0.0242  =  0.0299  (Balanced) 
Time  period  9:14  to  9:17 

(Qsc.2  and  Ds-2  at  tne  en(i  o{  tne  9:06  to 
9:14  period  is  the  <7sc.j  and  Ds_i  at  the 
beginning  of  the  9:14  to  9:17  period) 

Assume    Qsc.2  ~  °«30    then    Z)s_2  =  0.0564 


E  =  0.050  = 


0.085  +  0.30 
2  _ 


60 


+  (0.0564  -  0.0242) 
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E  =  0.050  = 


0.085  +  0.30 


40 


+  (0.0564  -  0.0242) 


E  =  0.050  =  0.0096  +  0.0322  =  0.0418  (Low) 
Assume    Qgc-2  ~  0«355    then    Ds_2  =  0.0638 
0T085  +  0.3~55 


E  =  0.050  = 


40 


+  (0.0638  -  0.0242) 


E  =  0.050  =  0.0110  +  0.0396  =  0.0506  (Balanced) 


This  procedure  may  be  continued  for  the  other  periods 
throughout  the  storm.     It  is  continued  until  10:02  p.  m.  in 
figure  1,  page  5,  and  table  1,  page  9. 

Values  of    ^s_2    at  tne  enc'  °f  each  time  period  are  sub- 
tracted from  the    IE- curve    on     figure  1,  page  5.    Values  so 
obtained  are  the    Qsc>     computed  accumulated  surface  runoff, 
since  at  any  time    2£    is  equal  to    Q  +  Ds_2-     The  measured  ac- 
cumulated surface  runoff  is  shown  as    Qsm    in     figure  1.  The 
computed  accumulated  surface  runoff  at  10:02  p.  m.  is  1.35  as 
compared  to  a  measured  amount  of  1.30  inches.     Values  of  Q,sc-2 
at  the  end  of  the  time  periods  represent  the  rates  of  surface 


runoff  and  are  plotted  as  the  computed  hydrograph  q 


sc 


This 


is  shown  in     figure  1     as  well  as  the  measured  rates  of  surface 
runoff    Qsm-     The  accumulated  surface  runoff  determined  from  the 
computed  hydrograph  is  1.33  inches.     The  computed  maximum  rate 
of  surface  runoff  is  3.05  as  compared  to  a  measured  rate  of  3.17 
inches  per  hour. 


RESULTS 

Results  of  computed  and  measured  rates  and  amounts  of  surface  runoff 
have  been  shown  in     figure  1,  page  5,     for  Watershed  103,  contour  corn  on 
Keene  silt  loam  when  the  initial  soil-moisture  content  was  0.32  inch  of 
water  per-  inch  of  soil.     The  possible  effect  of  corn  in  straight  rows  was 
computed  for  Watershed  103  by  using  the  same  storm  and  the  same  initial 
soil-moisture  content  as  shown  in     figure  1;     in  other  words,   the  same  ex- 
cess rainfall.     The  effect  of  the  detention  storage-rate  of  surface  runoff 
relationship  and  related  timing  for  straight-row  corn  on  this  excess  rain- 
fall was  then  computed.     The  maximum  rate  of  surface  runoff  and  accumulated 
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surface  runoff  so  obtained  were  4.90  inches  per  hour  and  1.37  inches,  re- 
spectively, as  compared  to  3.05  and  1.35,   respectively,   for  contour  corn. 

Due  to  slaking  as  well  as  sealing  of  the  soil  surface,   rates  and  a- 
mounts  of  surface  runoff  from  cornland  are  greater  when  the  soil-moisture 
content  is  lower  than  0.32  inch  of  water  per  inch  of  soil,  i$)  •  Figure 

3,  page  14,     shows  rates  and  amounts  of  surface  runoff  as  computed  for 
contour  corn  on  Keene  silt  loam  for  Watershed  103,  using  the  storm  pat- 
tern of  June  16,   1946,   for  an  initial  soil-moisture  content  of  0.15  inch 
of  water  per  inch  of  soil.     As  a  comparison,     figure  4,  page  15,  shows 
rates  and  amounts  of  surface  runoff  as  computed  for  meadow  on  Keene  silt 
loam  for  Watershed  103,  using  the  storm  pattern  of  June  16,   1946,   for  an 
initial  soil-moisture  content  of  0.15  inch  of  water  per  inch  of  soil. 
Figure  5,  page  16,     shows  computed  and  measured  rates  and  amounts  of  sur- 
face runoff  for  the  storm  of  June  16,   1946,  on  Watershed  123,  wheat  on 
Keene  silt  loam,  when  the  soil-moisture  content  was  0.29  inch  of  water 
per  inch  of  soil.     As  a  comparison,     figures  6  and  7,  pages  17  and  18, 
show  rates  and  amounts  of  surface  runoff  as  computed  for  wheat  on  Keene 
silt  loam  for  Watershed  123,  using  the  storm  pattern  of  June  16,  1946, 
for  an  initial  soil-moisture  content  of  0.10  and  O.4O  inch  of  water  per 
inch  of  soil.     Infiltration  rates  during  certain  periods  in     figures  3, 

4,  and  6,  pages  14,  15,  and  17,     are  not  capacity  rates  due  to  insuffi- 
cient rainfall  during  these  periods.     For  example,   the  potential  infil- 
tration rate  at  9:43  p.  m.   in     figure  6    is  based  on  the  increase  in  soil 
moisture  due  to  the  precipitation  that  has  occurred  in  the  interval  be- 
tween 9:34  and  9:43  p.  m. ,  using  a  procedure  similar  to  that  shown  under 
Point  1  of  Procedure ,  page  4. 

The  method  was  applied  to  the  storm  of  June  16,   1946,  on  Watershed 
177,   75.6  acres  of  mixed  crops  on  mixed  soil  types.     Figure  8,  page  19, 
shows  the  excess  rainfall  for  each  cover  and  soil  type  using  infiltration 
curves  obtained  from  reference  and  following  the  procedure  described 

previously.     The  ratio  of  the  area  occupied  by  a  given  cover  to  the  total 
area  of  the  watershed  was  obtained  for  each  cover.     The  excess  rainfall 
for  each  cover  was  then  multiplied  by  its  appropriate  ratio.     The  results 
obtained  for  all  covers  were  accumulated  and  represent  the  composite  ex- 
cess rainfall,     2£,     also  shown  in     figure  8. 

The  bookkeeping  equation  was  applied  to  the  composite  excess  rainfall, 
and  computed  and  measured  rates  and  amounts  of  surface  runoff  are  shown  in 
figure  9,  page  20.     The  portion  of  the  measured  rates  and  amounts  of  sur- 
face runoff  shown  by  a  dash  and  dot  line  were  estimated.     However,  the 
measured  maximum  rate  is  accurate,  although  its  location  in  reference  to 
time  was  estimated.     The  computed  maximum  rate  of  surface  runoff  was  1.42 


FIGURE  3. --Storm  of  June  16,    1946,   on  watershed  103,  Keene  Silt  Loam.     Computed  rates  and 
amounts  of  surface  runoff  from  corn.     Initial  soil-moisture  content  0.15  inch  of  water 
per  inch  of  soil. 


8:00PM 


TIME 


FIGURE  4» --Storm  of  June  16,   1946,   on  watershed  103,  Keene  Silt  Loam.     Computed  rates  and 
amounts  of  surface  runoff  from  meadow.     Initial   soil -moi sture  content  0.15  inch  of  water 
oer  inch  of  soil. 


FIGURE  5* --Storm  of  June  16,    1946,  on  watershed  123,  Keene  Silt  Loam.     Computed  and 
measured  rates  and  amounts  of  surface  runoff  from  wheat.     Initial  soil-moisture  con- 
tent 0.29  inch  of  water  per  inch  of  soil. 


FIGURE  6. --Storm  of  June  16.  1946,  on  watershed  123,  Keene  Silt  Loam.  Computed  rates 
and  amounts  of  surface  runoff  from  wheat.  Initial  soi 1 -moi s ture  content  0.10  inch 
of  water  per  inch  of  soil. 
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FIGURE  7. --Storm  of  June  16,    1946,   on  watershed  123,  Keene  Silt  Loam.     Computed  rates 
and  amounts  of  surface  runoff  from  wheat.     Initial  soil-moisture  content  0.40  inch 
of  water  per  inch  of  soil. 


19 


1.3 
1.2 


CURVE 

SOIL 

COVER 

1 

KSL 

CAMP  AREA 

2 

CL&ML 

MEADOW 

3 

ML 

PASTURE 

4 

KSL 

MEADOW 

5 

KSL 

CORN 

6 

CL,ML,MSL 

WHEAT 

7 

KSL 

PASTURE 

8 

ROAD 

9 

ML 

WOODLAND 

1.0 
09 
0.8 

Id 

^0.7 

o 

z 

06 

0.5 
0.4 
0.3 
0.2- 
0.1- 
0 


KSL=  KEENE  SILT  LOAM 
CL=  COSHOCTON  LOAM 
ML=  MUSKINGUM  LOAM 
MSL=  MUSKINGUM  SILT  LOAM 


8PM 


830 


FIGURE  8. --Storm  of  June  16,   1946,   on  watershed  177,  mixed  soil  types  and  cover.  Com- 
puted excess  rainfall   for  each  cover  type  and  soil  and  composite  excess  rainfall. 


FIGURE  9. --Storm  of  June  16,   1946,  on  watershed  177,  mixed  soil  types  and  cover.  Com- 
puted and  measured  rates  and  amounts  of  surface  runoff. 
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as  compared  to  a  measured  rate  of  1 . 40  inches  per  hour.     At  the  time  of 
the  maximum  rate  there  was  little  subsurface  flow. 

The  storm  of  June  16,   1946,  may  be  described  as  an  ''advance  pat- 
tern* '  rainfall.     High  intensities  occurred  at  the  beginning  of  the 
storm,   followed  by  low  intensities  during  the  latter  part  of  the  storm. 
Of  interest  is  the  effect  on  surface  runoff  of  the  same  storm  reversed; 
that  is,   the  low  intensities  occurring  at  the  beginning  of  the  storm 
followed  by  high  intensities  during  the  latter  part  of  the  storm,  ''de- 
layed pattern. ' '     Figure  10,  page  22,     shows  the  computed  effect  on 
rates  and  amounts  of  surface  runoff  of  the  storm  of  June  16,   1946,  re- 
versed,  delayed  pattern.     During  the  storm  of  June  16,  high  intensities 
were  followed  by  low  intensities  of  rain  on  June  17.     When  the  storm  is 
reversed  the  high  intensities  occur  on  June  17.     The  composite  excess 
IE    is  shown  in     figure  10    and  was  determined  as  described  previously. 
In  the  delayed  pattern  the  early  low  intensities  of  rainfall  increase 
the  soil-moisture  content  and  the  high  intensities  occurring  later  cre- 
ate a  greater  excess  rainfall.     This  is  due  to  lower  infiltration  rates 
associated  with  higher  soil-moisture  contents.     The  maximum  rate  of  sur- 
face runoff  for  the  advance  pattern  storm  on  Watershed  177  was  1.42  as 
compared  to  2.15  inches  per  hour  for  the  delayed  pattern  storm.  Results 
are  summarized  in     table  2,  page  23.     If  comparisons  are  made  between 
Watersheds  103  and  123,  note  that  somewhat  higher  intensities  occurred  on 
Watershed  103. 

It  is  important  to  note  that  relationships  exist  between  detention 
storage,  rate  of  surface  runoff,  land  use,  and  erosion  (4).     Work  of  the 
type  contained  herein  should  also  be  helpful  in  the  determination  of  the 
effect  of  land  use  on  erosion. 

Some  ideas  dealing  with  simplification  and  accuracy  of  the  procedure 
described,  based  on  results  obtained,  are  as  follows: 

1.     An  infiltration  curve  of  approximate  accuracy  will  be  sufficient 
for  most  cases.     When  considering  small  watersheds,  high  inten- 
sities of  rainfall  associated  with  short  times  of  concentration 
considerably  exceed  the  rates  of  infiltration  for  many  soils  and 
covers.     Minor  differences  in  infiltration  rates  have  little  ef- 
fect.    For  larger  watersheds,   lower  intensities  of  rainfall  over 
a  long  period  of  time  are  generally  associated  with  the  maximum 
rates  of  runoff.     In  such  cases  infiltration  rates  are  low  for 
many  soils,  and  must  be  reasonably  accurate  as  they  may  not  dif- 
fer too  greatly  from  the  intensity  of  rainfall.     Small  differen- 
ces in  excess  rainfall  over  a  long  period  of  time  would  result  in 


TIME 


FIGURE  10. --Reversed  (delayed  pattern)  storm  of  June  16,    1946,   on  watershed  177,  mixed 
soil  types  and  cover.     Computed  composite  excess  rainfall  and  computed  rates  and  a- 
mounts  of  surface  runoff. 
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errors  of  considerable  magnitude  for  flood- flow  determinations 
for  large  areas.     However,  data  on  minimum  infiltration  rates 
may  be  more  readily  obtained. 

A  composite  infiltration  curve  may  be  reasonably  representative 
of  a  number  of  soils  and  covers  and  reduce  the  work  involved  in 
obtaining  excess  rainfall.     For  example,     figure  8,  page  19, 
shows  the  excess  rainfall  obtained  for  each  cover  on  Watershed 
177.     Nine  infiltration  curves  were  used,  whereas  four  would 
have  been  sufficiently  accurate;  viz.,  one  to  represent  areas 
1,  5,  and  8;  one  to  represent  areas  2,  4,  and  7;  one  to  repre- 
sent areas  3  and  6;  and  one  to  represent  area  9. 

As  areas  of  watersheds  increase,   the  hydrographs  tend  to  become 
flatter  at  the  peaks.     That  is,   the  rate  of  change  of  the  rate 
of  surface  runoff  with  time  decreases  with  increases  in  the  size 
of  the  drainage  area.     This  is  even  more  true  of  the  depth  of 
detention  storage.     Where  only  minor  changes  occur  in  detention 
storage  near  the  peak,     Ds.2  ~  ^s-l>     is  small,  then, 


E  = 


^sc-l  +  ^sc-2 

r2  -  tx 

2  _ 

_60 

From  a  study  of  a  few  hydrographs  the  ratio  between    Qgc-1  an<^ 
Qsc-2    may  be  estimated  for  a  time  period  approximately  equal 
to  the  time  of  concentration. 

For  example,   say    Qsc.i  -  0.9    <7SC_2>  then, 


E 


which  simply  means  that  the  maximum  rate  of  surface  runoff  may 
be  obtained  from  the  amount  of  excess  rainfall  for  the  time 
period    ^2'^1'     this  time  period  being  approximately  equal  to 
the  time  of  concentration.     For  large  watersheds,   if  there  is 
little  difference  between    QSc-l     anc*    Qsc-2     ^or  the  time  of 
concentration  up  to  the  peak, 


0.85  gsc_2 


60 
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'sc-2 


=  E 


60 


T2-Tl 


and  since  E 


the  maximum 


60 


rate  or  surf 


is  the  slope  or  rate  of  excess  rainfall, 


ace  runoff  is  simply  the  maximum  slope 


of  the    2£-curve  for  the  conditions  mentioned. 


CONCLUSIONS 

The  method  discussed  in  this  paper  makes  it  possible  to  determine 
the  effect  of  different  combinations  of  land  use,   soil  moisture,  and  pre- 
cipitation patterns  on  rates  and  amounts  of  surface  runoff  from  water- 
sheds.    Infiltration  curves  could  be  developed  for  soils,   grouped  hydro- 
logically,   and  for  precipitation  patterns  determined  for  the  climatic 
provinces  of  the  country.     The  effect  of  physiography  or  changes  in  phys- 
iography due  to  conservation  practices  could  be  evaluated  through  deten- 
tion storage  and  rate  of  surface  runoff  relationships  and  timing.  With 
such  information  this  method  should  become  a  powerful  tool  in  the  evalu- 
ation of  the  effect  of  land  use  on  surface  runoff  as  well  as  the  evalua- 
tion of  other  hydrologic  objectives. 


In  reference  to  frequency  problems  the  soil-moisture  content  at  any 
time  may  be  estimated  from  the  storms  over  an  antecedent  period.  Some 
work  has  been  done  in  this  connection.     For  a  storm  in  question  the  esti 
mated  soil-moisture  content  and  the  precipitation  pattern  are  used  to 
compute  the  hydrograph  as  herein  described.     From  such  computations  for 
major  storms  covering  a  number  of  years,   frequency  determinations  may  be 
made.     However,   if  the  frequency  of  certain  rates  of  surface  runoff  have 
been  established  for  a  specific  land  use  the  effect  of  another  land  use 
may  be  computed. 


SUMMARY 

The  method  of  determining  rates  and  amounts  of  surface  runoff  de- 
scribed in  this  paper  may  be  applied  to  any  soil-moisture  condition,  pre- 
cipitation pattern,  and  cover  on  soil  types  for  which  infiltration  curves 
have  been  developed.     Types  of  precipitation  patterns  for  Coshocton  have 
been  illustrated  in  a  previous  publication  (2).     The  effect  of  physiog- 
raphy was  evaluated  through  detention  storage-rate  of  surface  runoff  re- 
lationships and  timing.     Only  a  few  hydrographs  may  be  necessary  for  this 
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purpose.     Where  necessary  such  relationships  and  timing  may  be  estimated 
from  watersheds,   similar  to  the  one  in  question,   from  which  data  are  a- 
vailable.     Where  conservation  practices  change  the  physiography,  such  re- 
lationships and  timing  may  change  and  may  thus  be  evaluated.     It  is  im- 
portant enough  to  repeat  that  this  method  develops  the  entire  surface- 
runoff  hydrograph  as  well  as  the  maximum  rate. 

This  method  involves  excess  rainfall,  detention  storage,   rate  of  sur- 
face-runoff relationships.     The  excess  rainfall  is  dependent  upon  the  land 
use  and  soil  properties.     Therefore,   this  method  evaluates  the  effect  of 
land  use.     The  effect  of  the  June  16,   1946,   storm  pattern  on  contour  corn 
on  Watershed  103  was  measured  and  computed.     The  possible  effect  of 
straight-row  corn  on  Watershed  103  was  computed  by  using  detention  stor- 
age-rate of  surface-runoff  relationships  for  such  conditions  and  related 
timing.     The  possible  effect  of  sealing  and  slaking  on  cornland  in  pro- 
ducing the  maximum  rates  of  surface  runoff  from  a  soil  of  low  soil-mois- 
ture content  was  also  determined  (Watershed  103).     The  possible  effect  of 
meadow,   rather  than  corn,  on  rates  and  amounts  of  surface  runoff  from  Wa- 
tershed 103  for  the  same  storm  and  soil-moisture  conditions  was  evaluated 
with  this  method.     The  appreciable  possible  effect  of  different  soil-mois- 
ture contents,  0.10  and  0.40  inch  of  water  per  inch  of  soil,  with  identi- 
cal storm  patterns  was  also  determined  (Watershed  123). 

The  method  was  also  applied  to  mixed-cover  Watershed  177,  75.6  acres. 
The  computed  and  measured  rates  and  amounts  of  surface  runoff  are  very 
close.     This  seems  to  bear  out  the  point  that  larger  watersheds  are  com- 
posed of  smaller  units,   acting  like  small  watersheds,  and  the  hydrologic 
laws  operate  on  these  units  as  they  do  on  small  watersheds.     This  state- 
ment applies  to  surface  runoff.     When  subsurface  flow  is  appreciable  the 
subsurface -flow  hydrograph  must  be  combined  with  the  surface-runoff  hydro- 
graph.     Subsurface  flow  is  used  in  the  preceding  statement  as  including 
all  types  of  flow  beneath  the  soil  surface  which  reappears  above  the  point 
in  question. 

The  effect  on  rates  and  amounts  of  surface  runoff  of  reversing  an  ad- 
vanced pattern  to  a  delayed  pattern  of  precipitation  was  also  determined 
(Watershed  177). 
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